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Cytochrome c oxidase (CcO) from bovine heart contains a special
Cation Binding Site (CBS) located in subunit I near the outer face of the
mitochondrial membrane close to heme a. The site binds divalent
(Ca2+≫Mg2+) and monovalent cations (Na+ N Li+ N K+). Divalent
cations shift the absorption spectrum of heme a, which allowed
previously to determine the kinetics and equilibrium characteristics of
Ca2+ binding at the CBS, but functional signiﬁcance of the cation
binding remained unknown until recently. As found in this group,
extramitochondrial Ca2+ inhibits 2–3-fold activity of the mitochondrial
or isolated bovine CcO with Ki of ~1 μM, close to Kd of Ca2+ binding [1].
Interestingly, the inhibition is observed only at low, turnover rates of the
enzyme (~10 s−1 or less) and is fully lifted under the conditions of
conventional CcO activity assays at TN close to Vmax,which explainswhy
the effect of Ca2+ was not noticed earlier. Na+ ions that compete with
Ca2+ for the CBS, do not affect themselves with the activity but protect
CcO from the inhibitory effect of Ca2+. At physiological concentrations of
Na+ in the cytoplasm (5–10 mM), the Kd for Ca2+ binding with CcO
raises from ~1 μM to ~10 μM. Accordingly, CcO is likely to be protected
from inhibition by Ca2+ in the resting cells, but the inhibition may come
into play during the peaks of Ca2+ release at the mitochondria/ER
interface in response to various stimuli, e.g. during the Ca2+ spikes in the
beating heart. It is important to emphasize that the Ca2+-induced
inhibition appears to be speciﬁc for the animal CcO. It is not observedwith
homologous bacterial CcO, even if the bacterial enzyme is mutated to a
form that binds Ca2+ reversibly like the bovine oxidase. Such a speciﬁcity
of the inhibitory action accordswith the fact that Ca2+-binding at the CBS
involves two key residues in the exit part of the “proton channel H”
revealed in the bovine heart CcO [2]. In the bacterial CcO the exit part of
the H-proton pathway is not conserved. Thus, the selective inhibitory
effect of Ca2+ on the bovine CcO supports a hypothesis on a special
functional role of the H-channel in the animal CcO.
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Protein electron transfer (ET) reactions constitute the basis of energy
transduction in living organisms and involve a variety of ﬁne-tuning
mechanisms that have just begun to be uncovered. In this respect, the
notion of a “native” state associatedwith protein function is not sufﬁcient
for successfully describing intra- and inter-protein ET reactions. In
this lecture I will present recent combined electrochemical, spec-
troelectrochemical, spectroscopic and computational studies on the ET
reactions of cytochrome c and of the primary electron acceptor of
cytochrome c oxidase, the CuA site, in biomimetic complexes. The results
show that protein dynamics and thermal ﬂuctuations allow these
systems to explore different structural and electronic conﬁgurations that
are crucial for their function, optimizing the kinetic parameters in
different ways. Moreover, electrostatic interactions and local electric
ﬁelds reshape the free energy surfaces that the proteins explore, in a
manner that may be central for regulation of the respiratory electron
transport chain. For example, the results reveal the existence of two
native-like conformations of cytochrome c that present signiﬁcantly
different reorganization energy (λ). Conversion from the high to the low
λ forms is triggered by electrostatic interactions, and involves the rupture
of aweak H-bond between ﬁrst- (M80) and second-sphere (Y67) ligands
of the heme iron, as a distinctive feature of the conformational switch. The
two ﬂexible Ω loops operate as transducers of the electrostatic signal.
On the other hand, the CuA site may populate two alternative ground
states that differ in λ values and are optimized for electron entry and exit,
respectively, through two different and nearly perpendicular pathways.
The relative populations of these two redox active states can be
modulated through ﬁrst and second sphere mutations, through minor
geometrical distortions and by application of biologically signiﬁcant
electric ﬁelds. The physiological relevance of these ﬁnding will be
critically discussed in terms of a possible regulatory mechanism of the
Cyt/CcO ET reaction in vivo.
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The central chemical reaction of aerobic metabolism is the con-
version of molecular oxygen to water catalyzed by cytochrome c
oxidase (CcO). In a stepwise redox-reaction, four electrons and four
chemical protons enter the enzyme and are consumed in the reac-
tion, while four physical protons are pumped across the membrane
establishing an electro-chemical gradient. While all four electrons are
transferred via the same cofactors to the binuclear reaction center
(BNC), the protons take two different routes in the A-type CcO. Two of
the four chemical protons arrive via the D-channel in the oxidative
ﬁrst half starting after oxygen binding. The other two chemical
protons enter via the K-channel in the reductive second half of the
reaction cycle. In contrast, all four pumped protons are transferred via
the D-channel. This branched conduction of protons requires speciﬁc
constraints onto the proton delivery channels. In this study, we use
molecular dynamics simulation and electrostatic energy computa-
tions to analyze the proton channel properties and their gating
elements that ensure unidirectional proton ﬂux. The D- and the K-
channels appear very different at ﬁrst glance. The D-channel possesses
a hydrogen bond network of water and several acidic groups con-
necting the aqueous phase with the BNC. In contrast, the hydrogen
bond pattern of the K-channel is disconnected having only few
titratable groups and little amount of water molecules in the crystal
structure. Still, the channels share some similarities. Most impres-
sively, both channels have in common a hydrophobic environment
around their key residue — Glu286 (numbering from Rhodobacter
sphaeroides) in the D-channel and Lys362 in the K-channel. As a
consequence, these residues are likely in the charge-neutral proton-
ation state, while glutamate and lysine are usually charged in aqueous
solution. Therefore, change of protonation of Glu286 and Lys362 may
be induced by changes in the hydration level or the electric ﬁeld in a
regulated manner. The unique feature of these key residues enables
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them to control protonmovement inside the input channels. But there
are also contrasting properties; e.g. Glu286 must release a proton to
render the D-channel conducting, while Lys362 takes up a proton to
open the K-channel. Our comprehensive analysis of these two resi-
dues may explain several experimental observations and elucidates
also general features of regulated proton conductance.
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Cytochrome b561 (Cyt-b561) proteins are 6 transmembrane helix
proteins with the four inner helices holding two b-type heme co-
factors via two pairs of conserved histidine residues. The ﬁrst crystal
structure of a Cyt-b561 has recently been published [1]. This structure
conﬁrms general expectations about the positions of the hemes and
about the ascorbate and monodehydroascorbate substrate binding
sites on the opposite membrane surfaces, as derived from experimen-
tal evidence and also from an earlier modeling study [2]. We have
performed homology modeling [3] based on this crystal structure of
an Arabidopsis thaliana Cyt-b561 to obtain the structure of four other
representative family members in silico: A. thaliana tonoplast, bovine
chromafﬁn granule, murine duodenal and murine tumor suppres-
sor Cyt-b561s. The extent of homology with the crystallized protein
decreases in this order. A very good agreement of the backbone fold-
ing has been obtained for all four targets and the template. Tran-
smembrane electron transfer pathways and efﬁciency have been
calculated [4] from one bound substrate through the hemes to the
other substrate. Little homology is displayed in the protein matrix
along the putative electron transfer path connecting the two hemes,
whereas most of the conserved amino acids are found at the heme
pockets, close to the two surfaces and the substrate binding sites.
The potential role of (some of the) conserved amino acids will be
discussed. Acknowledgements: This work was supported by the
Hungarian Scientiﬁc Research Fund (OTKA K108697).
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The heme–copper oxygen reductases (HCOs) catalyze the reduc-
tion of O2, which is coupled to proton pumping across membrane
and generating the proton motive force. The coordination of electron
transfer and proton translocation events is crucial for the functioning
of the HCOs. Many of the C-family HCOs contain a unique subunit,
CcoP, that is not present in either A- or B-family HCOs. The CcoP
subunit has two transmembrane spans and a hydrophilic domain that
caps the periplasmic surface of the enzyme. The function of this
subunitwas investigated in the C-family HCO from Vibrio cholerae, and
is shown to be important for stability as well as providing the entrance
for both electrons and protons during catalysis. The hydrophilic
domain of CcoP contains two heme c's that are important for electron
transfer to the active site, and the hydrophobic domain contains
glutamate E49, which we show is essential for proton uptake during
catalysis. Whereas the 4-subunit enzyme (CcoNOQP) expresses well
in a V. cholerae recombinant system, no expression is observed when
the ccoP gene encoding the CcoP subunit is deleted. However, if only
the hydrophilic periplasmic domain is deleted, leaving the trans-
membrane helices, the recombinant enzyme containing both the CcoN
and CcoO subunits along with the hydrophobic domain of CcoP, is
expressed in good yield and is stable. The truncated enzyme exhibits
about 10% of the steady state oxygen reductase activity. Single-
turnover ﬂow-ﬂash experiments with the truncated enzyme show that
proton uptake is also signiﬁcantly perturbed, being slower, proceeding
to a lower number of protons taken up, and with a different pH-
dependence. Thus, our results show that CcoP is important to stabilize
the core complex of the enzyme, but also is critical tomodulate the rates
of the proton and electron transfer into the enzyme.
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Cytochrome bd oxidase is a prokaryotic terminal oxidase that
catalyses the electrogenic reduction of molecular oxygen using quinol
as a substrate [1]. Organisms lacking cytochrome bd oxidase show
increased susceptibility to H2O2 and pathogenic organisms display
lowered virulence. Our steady state and pre-steady state data with an
ultrapure enzyme preparation show that besides its oxidase activity,
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